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Subcellular Ca2+ signals underlying waves and graded responses
in HeLa cells
Martin D. Bootman and Michael J. Berridge
Background: Many agonist-evoked intracellular Ca2+ signals have a complex
spatio-temporal arrangement, and are observed as repetitive Ca2+ spikes and
Ca2+ waves. The key to revealing how these complex signals are generated lies
in understanding the functional structure of the intracellular Ca2+ pool. Previous
imaging studies, using relatively large cells such as oocytes and myocytes,
have identified subcellular elementary Ca2+ signals, indicating that the
intracellular Ca2+ pool releases Ca2+ from functionally discrete sites. However,
it is unclear whether the intracellular Ca2+ pool in smaller cells has a similar
architecture, and how such subcellular signals would contribute to global
spikes and waves.
Results: We detected subcellular Ca2+ signals during the response of single
Fura2-loaded HeLa cells to histamine. The spatio-temporal properties of some of
these signals were similar to the elementary Ca2+ signals observed in other
cells. Subcellular Ca2+ signals were particularly obvious during the ‘pacemaker’
Ca2+ rise that preceded the regenerative Ca2+ wave. During this pacemaker, the
Ca2+ signals were observed initially in the region from which the Ca2+ wave
originated, but became more widespread and frequent until a Ca2+ wave was
spawned. Similar localized signals were seen during the post-wave Ca2+
increase, and during the low-amplitude Ca2+ responses evoked by threshold
histamine concentrations.
Conclusions: The intracellular Ca2+ pool in HeLa cells is composed of many
functionally discrete units. Upon stimulation, these units produce localized Ca2+
signals. The sequential activation and summation of these units results in Ca2+
wave propagation and, furthermore, the differential recruitment of these units
may underlie the graded amplitude of the intracellular Ca2+ signals.
Background
Hormones, growth factors and neurotransmitters that acti-
vate phospholipase C (PLC) cause an increase in the cyto-
plasmic calcium ion concentration ([Ca2+]i). The link
between activation of PLC and [Ca2+]i elevation is the
ubiquitous intracellular messenger, inositol 1,4,5-trisphos-
phate (InsP3). InsP3 has been shown to mobilize Ca2+ by
binding to specific receptors (InsP3Rs) located on intracel-
lular stores, and these receptors also form the channel
through which the stored Ca2+ is released [1–3].
In intact cells, agonist-stimulated Ca2+ signals have a
complex spatial and temporal regulation. Increases in
[Ca2+]i often take the form of a series of repetitive Ca2+
spikes that arise from a steady baseline (for reviews, see
[4–9]). Each Ca2+ spike is usually preceded by a slow,
gradual [Ca2+]i increase — the ‘pacemaker’ [1,5,8] —
which leads to a more rapid, regenerative release of Ca2+.
The spatial counterpart of a Ca2+ spike is a Ca2+ wave,
where an initial localized [Ca2+]i elevation leads to the
propagation of a rise in [Ca2+]i throughout the cytoplasm
[10]. A particularly elegant demonstration of spatially
complex [Ca2+]i signals was that of planar, circular and
spiral Ca2+ waves in Xenopus oocytes [11].
Although many of the biochemical events that link PLC
activation and Ca2+ release have been characterized, the
precise mechanism underlying these spatially and tempo-
rally complex [Ca2+]i signals is not fully established.
Crucial to the understanding of the mechanism of Ca2+
wave initiation and propagation was the finding that
InsP3-mediated Ca2+ release is stimulated by cytosolic
Ca2+ concentrations of less than 1 mM [12–16]. The posi-
tive feedback generated as Ca2+ released from intracellu-
lar stores stimulates further Ca2+ mobilization, known as
Ca2+-induced Ca2+ release (CICR), underlies regenera-
tive Ca2+ release and wave propagation [17,18]. Further-
more, cytosolic Ca2+ concentrations of greater than 1 mM
can inhibit InsP3-mediated Ca2+ release; this inhibition
has been suggested to be responsible for the termination
of Ca2+ spikes and waves [4,5]. Additional positive-feed-
back mechanisms that could contribute to Ca2+ wave
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propagation include the Ca2+-stimulated production of
InsP3 [19], and CICR via intracellular Ca2+ channels
called ryanodine receptors (RyRs), which are expressed
in many excitable, and some non-excitable, cells [20].
Although the regulation of Ca2+ release is reasonably well
understood, the structure and functional coupling of the
Ca2+-releasing complexes is still uncertain.
An increasing number of studies suggest that intracellular
Ca2+ signals are generated by the recruitment of function-
ally discrete intracellular Ca2+ release units. These units
probably form the elementary building-blocks for larger,
global Ca2+ signals such as spikes and waves [21]. Exam-
ples of elementary Ca2+ release events are the Ca2+ puffs
in Xenopus oocytes [22], and the Ca2+ sparks in cardiac
myocytes [23,24]. Although puffs arise from InsP3R activa-
tion, whereas sparks represent Ca2+ release from RyRs,
these two subcellular events may represent analogous
activities. Several other examples of subcellular Ca2+
signalling events, kinetically and spatially similar to sparks
and puffs, have been detected in various cell types [21].
Ca2+ signals in many cells can be graded in direct propor-
tion to the stimulus intensity, supporting the idea that the
intracellular Ca2+ pool is functionally heterogeneous (for
reviews, see [25,26]). Such graded responses present a
paradoxical situation, as the process of CICR underlying
the action of Ca2+ release units is regenerative; once acti-
vated, it should lead to an all-or-none signal. One way of
resolving the paradox is to propose that the grading of
Ca2+ release in intact cells occurs by the differential
recruitment of independent elementary units, such as
Ca2+ puffs and sparks, which individually contribute a
quantized amount of Ca2+.
It is unclear whether this scheme — a Ca2+ pool composed
of functionally discrete units whose summation and co-
ordination give rise to Ca2+ spikes and waves — describes
the structure of intracellular Ca2+ pools in all cells. For
example, estimates of the size and distribution of the Ca2+
puffs in Xenopus oocytes suggest that cells of a more
normal volume could contain only one such release unit
[22,27]. Here, we have attempted to identify subcellular
Ca2+ signalling events in HeLa cells, to see whether these
events could underlie both graded Ca2+ release and the
global Ca2+ signals, such as spikes and waves, seen in
these cells.
Results
Histamine-stimulated Ca2+ waves in single HeLa cells
Stimulation of HeLa cells with histamine evokes repeti-
tive Ca2+ spikes [19,28]. A typical pattern of Ca2+ spiking
in response to stimulation with 100 mM histamine is
shown in Figure 1a. This data can also be presented as a
space–time (x–t) plot (Fig. 1b), which provides a continu-
ous spatio-temporal record of the five Ca2+ spikes shown
in Figure 1a. Similar to observations in other cell types,
the [Ca2+]i elevation during each Ca2+ spike was spatially
organized in the form of a Ca2+ wave — the level of Ca2+
was initially elevated in one region of the cell, and then
spread throughout the cell in a regenerative manner. For
each Ca2+ spike shown in Figure 1a, the wave appeared to
initiate on the same side of the cell (the position indicated
by the red arrow in Fig. 1b). However, there was a signifi-
cant difference in the appearance of the first wave occur-
ring after histamine stimulation compared with the
subsequent waves, particularly with maximal histamine
concentrations (≥ 100 mM). At these concentrations, the
initial response to histamine was typically very abrupt
(Fig. 1a), with either little or no pacemaker activity and
with a distinct Ca2+ wave (Fig. 1b). The subsequent Ca2+
spikes had a more extended pacemaker activity that
lasted for tens of seconds; although these spikes also
displayed Ca2+ waves, the waves were not as obvious as
for the initial response.
The pseudo-colour scale used for the x–t plot shown in
Figure 1b was chosen to show [Ca2+]i changes of greater
than 100 nM, allowing the peak of each wave to be dis-
tinct. With this particular colour scale, little of the activity
that occurs before each wave is evident. By changing the
pseudocolour scale used to plot the cell responses, such
that the warmer colours (yellow < red < white) represent
lesser [Ca2+]i changes, pre-wave Ca2+ signals become
more obvious (Fig. 2). The average [Ca2+]i responses for
the initial and second Ca2+ spikes recorded from another
histamine-stimulated cell are shown on an expanded
timescale in Figure 2a. The initial response had little
pacemaker activity compared with the second Ca2+ spike.
The corresponding spatial patterns of [Ca2+]i during these
two responses are shown in Figure 2b–g. The montage of
images in Figure 2b,c show that the Ca2+ waves pro-
gressed across the cell in the same direction (from left to
right) for both the initial (Fig. 2b) and second (Fig. 2c)
Ca2+ spike. However, the second Ca2+ wave was preceded
by a substantial amount of subcellular Ca2+ activity,
giving the cell images a ‘speckled’ appearance. These
localized Ca2+ signals correlated with the slowly elevating
pacemaker activity of the second Ca2+ spike. 
A more striking demonstration of the spatio-temporal dif-
ference between the first and second spike is revealed in
the x – t plots (Fig. 2d,e). The first Ca2+ spike began
abruptly and was organized as a wave that initiated on the
left-hand side of the cell (Fig. 2d, left arrow below plot),
with a latency of about 10 seconds (Fig. 2f), and reached
the right-hand side of the cell (Fig. 2d, right arrow below
plot) approximately 1.5 seconds later (Fig. 2g). In contrast,
the onset of the second spike was preceded by an
extended phase of small, subcellular [Ca2+]i increases (Fig.
2e). This localized pacemaker activity became more wide-
spread and frequent as the time for the next wave
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approached. Once again, there was a indication that this
localized activity was more pronounced on the left-hand
side of the cell — at the same site from which the initial
Ca2+ wave was spawned. 
A considerable variation was seen in both the magnitude
and duration of the individual subcellular events, proba-
bly due to the relatively low temporal and spatial resolu-
tion of our video-imaging set-up. Importantly, these
subcellular events were observed very infrequently prior
to cell stimulation, and could be distinguished from back-
ground noise because the resting [Ca2+]i in the HeLa cells
was very consistent. For example, the resting [Ca2+]i in
the cell regions plotted in Figure 2f,g was 14.1 ± 0.6 nM
(mean ± SD, for the blue line in Fig. 2f) and 13.9 ± 1 nM
(mean ± SD, for the blue line in Fig. 2g). The peak
[Ca2+]i for the localized Ca2+ signals in the same regions
was 21.3 ± 2 nM (mean ± SD, n = 6). Therefore, although
the localized Ca2+ signals were low in amplitude, they
represented a significant increase over the resting [Ca2+]i.
The average duration of the discrete Ca2+ signals was
1.3 ± 0.3 seconds (mean ± SD, n = 6) and, on average,
they were present in at least six ratio images. 
Variation of the pacemaker activity
Ca2+ waves preceded by a prolonged increase in pace-
maker activity were not only a feature of the Ca2+ waves
occurring after the initial histamine response, but could
also be observed in the initial response of cells stimulated
with low histamine concentrations. The duration of the
pacemaker activity was inversely proportional to the hista-
mine concentration (Fig. 3). Similar to the difference
between the initial and subsequent Ca2+ spikes described
above, the abrupt responses with little pacemaker activity
had the most obvious Ca2+ waves. Responses preceded by
a longer period of pacemaker activity had no obvious
waves, and a more widespread [Ca2+]i increase before the
regenerative part of the response (for example, 0.25 and
0.5 mM histamine responses; Fig. 3).
Characteristics of HeLa cell Ca2+ waves
The data shown above indicate that, in HeLa cells, Ca2+
signals can be spatially organized as waves. With high con-
centrations of histamine (> 2.5 mM), waves were observed
in the majority of cells (70 %; n = 80). Although the x–t
plots and cell images in this study have been arranged to
show Ca2+ waves proceeding from left to right, the waves
actually propagated in various orientations, and were inde-
pendent of both the direction of histamine perfusion and
the wave orientation in neighbouring cells. The velocity of
the initial Ca2+ waves stimulated by 100 mM histamine was
22 ± 5.4 mm sec–1 (mean ± SD; n = 10).
Interestingly, the major regenerative component of the
histamine-stimulated [Ca2+]i response occurred after the
waves had crossed the cell. The extent of post-wave
[Ca2+]i increase is shown in Figure 4a, which presents a
three-dimensional representation of an initial Ca2+ wave
stimulated by 100 mM histamine. The response started in
a localized region of the cell, and then spread across to the
other side of the cell. Approximately 1.6 seconds after the
earliest sustained [Ca2+]i increase had occurred in the ini-
tiation region, a low-amplitude wave had propagated
across the cell. At this time, [Ca2+]i in the region where
the wave started was approximately 140 nM and [Ca2+]i
on the other side of the cell was 40 nM (resting [Ca2+]i
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Figure 1
Histamine-stimulated Ca2+ spikes and waves.
The figure shows the temporal and spatial
profile of [Ca2+]i during stimulation with a
maximal (100 mM) histamine concentration
(histamine perfusion was started at the time
indicated by the vertical arrows). (a) The
temporal response, which consisted of a
series of Ca2+ spikes. The red and blue lines
show [Ca2+]i along lines indicated by the red
and blue arrows in (b), respectively. (b) An
x–t plot of the cell response shown in (a)
(time increases in a rightward horizontal
direction). These plots were constructed as
described in Materials and methods, using a
rectangular region running perpendicular to
the wavefront, shown on a cell image in (b),
scanned at 200 msec intervals. The histamine-
stimulated Ca2+ spikes displayed Ca2+ waves
(the numbers denote the corresponding
spikes and waves), which initiated on the
same side of the cell each time.
was ~14 nM). After the Ca2+ wave has swept across the
cell, [Ca2+]i appeared to rise more rapidly in all regions of
the cell. The faster rate of [Ca2+]i rise may be attributed
to saturation of local Ca2+ buffers and enhanced CICR.
Eventually, [Ca2+]i exceeded 350 nM in all regions of the
cell. These data indicate that the major regenerative com-
ponent of each Ca2+ spike does not occur during the prop-
agation of the Ca2+ wave across a cell, but rather as a
secondary surge in the wake of a Ca2+ wave. Lateral wave
propagation therefore occurs throughout the cell long
before the local Ca2+ release units are fully discharged.
Another feature of the response shown in Figure 4a is that
the secondary [Ca2+]i increase did not occur evenly across
the cell after the Ca2+ wave. Instead, some regions seemed
to elevate their [Ca2+]i more rapidly than in the surround-
ing areas, giving rise to the appearance of local [Ca2+]i gra-
dients or ‘spikelets’ on top of the response (Fig. 4b). The
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Figure 2
Localized Ca2+ signals preceding Ca2+ waves. The figure shows
typical spatial and temporal profiles of an initial and second histamine-
stimulated Ca2+ wave (100 mM histamine stimulation). (a) The
temporal profile of the initial response and second Ca2+ spike,
averaged over the whole cell. The traces are aligned at the point where
[Ca2+]i first begins to rise. For the first trace, the histamine was applied
at time = 0. (b,c) Montages of images corresponding to 16 sec of the
traces of (b) the initial response and (c) the second response. The cell
images were captured at 0.5 sec intervals. The top-left image in (b)
shows the cell prior to stimulation. Both Ca2+ waves initiate in the
same region of the cell, but the second Ca2+ wave is preceded by a
significant increase in subcellular Ca2+ activity. (d,e) x–t plots derived
from the Ca2+ waves shown in (b) and (c), respectively (time increases
in an upward direction). Localized Ca2+ signals are seen before the
global Ca2+ elevation. (f,g) The temporal profile of localized Ca2+
signals preceding the initial histamine-stimulated Ca2+ wave. The red
traces represent the profile of [Ca2+]i across the x–t plot shown in (d),
marked by the large arrows below: (f), left arrow; (g), right arrow. The
traces go off-scale as the Ca2+ wave sweeps through the cell. The
blue traces represent the corresponding profiles of [Ca2+]i across x–t
plots from the same regions of the cell before stimulation with
histamine. Note that the data presented in this figure come from a
different cell to that used for Fig. 1. The pseudocolour scale shown in
(b,c) also applies to the x–t plots in (d,e). 
size, duration and latency of the local [Ca2+]i gradients was
variable, but generally became obvious when [Ca2+]i
reached 150–200 nM. Spikelets similar to those shown in
Figure 4 were a feature of Ca2+ waves in all cells exam-
ined, and were independent of the histamine concentra-
tion that was applied, although they were less obvious in
the responses to low (< 5 mM) histamine concentrations,
where the [Ca2+]i rise was slow. Furthermore, although the
number and position of the spikelets was cell-specific,
they could be seen in roughly the same cellular areas
either for subsequent Ca2+ spikes following the initial
response, or if histamine was given in a pulsatile manner
(data not shown). These data suggest that the spikelet
events were not distributed randomly, but rather that the
cells contained areas with variable regenerative activity.
Abortive Ca2+ signals
In addition to extending the period of pacemaker activity,
a reduction in the level of histamine stimulation
decreased the amplitude of the [Ca2+]i response (Figs 3b
and 5). Such graded responses arise as a result of the con-
centration-dependent release of Ca2+ from intracellular
stores [29]. At very low histamine concentrations, abortive
responses are seen (Fig. 5) [29]. These abortive signals
are small [Ca2+]i elevations that are often maintained for
the duration of agonist application, but which do not
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Figure 3
Variation of pacemaker Ca2+ activity. The
figure shows the spatial and temporal profile
of the Ca2+ signals stimulated by application
of various histamine concentrations (the
histamine concentrations, in mM, are shown
next to their respective plots). (a) x–t plots
derived from the same region of a single
histamine-stimulated HeLa cell (time increases
in an upward direction). For 0.5–100 mM
histamine, the x–t plots represent the
response of the cell for 40 sec immediately
following histamine addition; for 0.25 mM
histamine, the plot represents the period of
stimulation from 80–120 sec after histamine
addition. (b) The temporal profile of the
responses in (a). (The temporal profile of the
response to 1 mM histamine is not shown.)
The red, green and blue lines in (b) indicate
[Ca2+]i vertically along regions of the x–t plots
indicated by the coloured arrows below the
100 mM response. Both the temporal and
spatial plots show how the pacemaker activity
is extended as the histamine concentration is
decreased. The pacemaker activity can be
visualized as both an increase in the
appearance of subcellular Ca2+ signals, and a
change of colour of the x–t plots in the order
blue/green/yellow/red. In addition, Ca2+
waves become less obvious as the histamine
concentration is decreased, and instead the
global responses following the extended
pacemaker activity are a characterized by a
more uniform [Ca2+]i increase.
develop into a regenerative response. The traces shown
in Figure 5a represent the averaged whole-cell [Ca2+]i
responses in a single HeLa cell stimulated with different
histamine concentrations, and show a typical abortive
response evoked by 0.25 mM histamine.
As the abortive responses could be due to either a global
response of limited amplitude, or a large-amplitude but
localized [Ca2+]i response, we investigated the spatial
organization of these small signals. Our analysis indicated
that the abortive responses were complex; localized, tran-
sient [Ca2+]i increases were superimposed on a low-ampli-
tude background [Ca2+]i increase (0.25 mM histamine
response in Fig. 5b). The localized [Ca2+]i responses were
not confined to the region that initiated a Ca2+ wave when
higher histamine concentrations were applied, but were
observed throughout the cell. The low-amplitude back-
ground [Ca2+]i increase of the response to 0.25 mM hista-
mine (represented by the transition from dark blue to pale
blue in the x–t plot of Fig. 5b) may have resulted from
Ca2+ diffusion away from the localized [Ca2+]i signals.
Another way of determining the distribution of these
localized responses is to use a thresholding procedure that
only displays signals above a certain level (Fig. 5c). As the
abortive response began, [Ca2+]i appeared to be elevated
at random points throughout the cell (for example, after
70, 80, 90 and 110 seconds; Fig. 5c). These events became
more frequent until the peak of the response at around
110 seconds.
The subcellular Ca2+ signals underlying the abortive
response could be discriminated from the background
noise fluctuations, as shown in Figure 5d,e. Recording
[Ca2+]i from small areas (~ 5 mm2) within the cell giving
the abortive response (0.25 mM histamine response in Fig.
5b), revealed small transient Ca2+ signals that were larger
than the background noise. In these traces, the resting
[Ca2+]i prior to histamine addition was 12.7 ± 0.8 nM (Fig.
5d; mean ± SD) and 12.9 ± 1 nM (Fig. 5e; mean ± SD).
The average Ca2+ change for the histamine-stimulated
transient Ca2+ signals shown in these traces was
9.8 ± 3.7 nM (mean ± SD, n = 20). The average duration
of these signals was 1.1 ± 0.2 seconds (mean ± SD,
n = 20). These data indicate that the transient Ca2+
signals shown in Figure 5d,e, which were triggered by
histamine stimulation, gave a significant increase over the
resting [Ca2+]i. Importantly, these signals were observed
only during cell stimulation, or on the recovery from stim-
ulation, and increased in frequency as [Ca2+]i was elevated.
The subcellular transient Ca2+ signals in Figure 5d,e were
similar to those that preceded the Ca2+ wave shown in
Figure 2f,g.
The localized [Ca2+]i signals did not stimulate a regenera-
tive global [Ca2+]i increase, as a larger, homogeneous signal
was not observed within the 2 minute stimulation period.
However, such abortive responses could be rapidly con-
verted into a regenerative Ca2+ release by the addition of a
higher histamine concentration (Fig. 5a, inset), indicating
that they did not reflect a desensitized state of the Ca2+-
releasing machinery.
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Figure 4
Post-wave Ca2+ gradients. (a) A three-dimensional plot of an initial
Ca2+ wave stimulated by 100 mM histamine. The plot was constructed
using a similar method to that used for obtaining x–t plots. The lines on
the graph therefore represent [Ca2+]i scanned across a fixed
rectangular region 6 pixels (2.3 mm) wide, every 200 msec. Histamine
stimulation began at t = –10 sec. The Ca2+ wave can be seen to initiate
on the left-hand side of the plot at around 1 sec, and spread to the
other side approximately 2 sec later. (b) The profile of [Ca2+]i across the
three-dimensional plot in (a), at the regions shown by the arrows. The
six coloured lines indicate how [Ca2+]i in adjacent pixels varies with
time, and proceed from left to right across the areas denoted by arrows
in (a), in the series red/green/cyan/magenta/dark blue/black.
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Figure 5
Graded Ca2+ signals. (a) The temporal profile
of the whole-cell Ca2+ signals in a single HeLa
cell stimulated with various histamine
concentrations (2 min histamine application
followed by a 3 min recovery before the next
stimulation; the histamine concentrations are
shown next to their respective plots). (b) x–t
plots (200 sec duration) corresponding to the
responses shown in (a) (time increases in a
rightward horizontal direction). The spatio-
temporal profiles of [Ca2+]i after 0.25 mM
histamine addition shown in (a) and (b)
illustrate the typical pattern of an ‘abortive’
response. The coloured bar at the bottom of
(b) indicates the time of histamine addition
(red) and absence or removal (blue) for both
(a) and (b). The inset in (a) shows the
response of a single cell stimulated by
0.25 mM (thin red bar) and 100 mM (thick red
bar) histamine without any recovery period
between histamine applications. Application
of 100 mM histamine converts the abortive
response into a regenerative Ca2+ signal,
which has a similar magnitude to that
observed by stimulating the naive cell with
100 mM histamine (data not shown). Note that
the graded amplitudes of the histamine-
evoked signals in (a) do not reflect
desensitization to histamine, as application of
the different histamine concentrations in any
order yielded similar responses. (c) Montage
of images representing spatial profiles of
[Ca2+]i for 0.25 mM histamine response
shown in (a) and (b), taken at various times
during the experiment (the capture times,
relative to the time-scale in (a), are shown next
to their respective images). To more clearly
demonstrate the localized [Ca2+]i changes,
the images were thresholded at a pixel
intensity equivalent to 18 nM. At this threshold
level, no Ca2+ signals were detected before
the application of histamine, and all the cell
images during the basal period resembled the
image at 10 sec. (d,e) The black traces show
[Ca2+]i in two small (6 × 6 pixel) areas during
the response to 0.25 mM histamine shown in
(a). The red trace indicates the averaged
cellular [Ca2+]i response for comparison with
[Ca2+]i in the local areas. The stimulus
protocol was the same as for (a), and is
shown by the coloured bar. 
Discussion
It is becoming increasingly apparent that many cell types
display subcellular Ca2+ signals as a consequence of Ca2+
release from only a fraction of the intracellular Ca2+ pool
[21]. At present, the best characterized subcellular signals
are the Ca2+ puffs detected in Xenopus oocytes [22] and
the Ca2+ sparks in cardiac myocytes [23,24]. These puffs
and sparks can be observed as spatially discrete Ca2+
signals, probably resulting from the opening of a few clus-
tered Ca2+ channels [22,23]. Other localized subcellular
Ca2+ signalling events, some of which may be analogous to
puffs and sparks, have been observed in skeletal muscle
[30,31], photoreceptors [32], sand dollar blastomeres [33],
pancreatic acinar cells [34,35], astrocytes [36], smooth
muscle [37] and osteoclasts [38]. Such events have also
been identified from rapid openings of Ca2+-activated
membrane ion channels in various cells, such as the
STOCs (spontaneous transient outward currents) in
smooth muscle [39,40] and the SMOCs (spontaneous
miniature outward currents) in neurons [41]. These
current fluctuations are caused by a punctate release of
Ca2+ from stores just beneath the plasma membrane,
which activate only the neighbouring ion channels.
These subcellular Ca2+ signals give important information
about the functional structure of intracellular Ca2+ pools.
Activities such as puffs and sparks may represent examples
of elementary Ca2+ release events from InsP3Rs and RyRs
respectively, which are co-ordinated to give larger global
[Ca2+]i elevations [21]. Investigating how elementary Ca2+
release events are triggered and co-ordinated is crucial to
our understanding of Ca2+ spike and wave generation. 
The majority of elementary Ca2+ signals detected so far
have been recorded from either relatively large cells such
as astrocytes and oocytes, or from excitable cells such as
neurons and myocytes. However, an accumulating body of
evidence suggests that such Ca2+ signals can also be seen
in small non-excitable cells. One example of this is the
STOC-like currents that have been recorded from single
endothelial cells [42], but perhaps the best example of
such signals are those observed in pancreatic acinar cells,
where repetitive Ca2+ spikes are localized to the apical
pole of the cells [34,35]. This autonomously spiking
region could be analogous to a single Xenopus Ca2+ puff
site. It has also been suggested recently that the Ca2+
spikes observed in the apical pole of the acinar cells can
be sub-divided into multiple discrete events [43]; in a
similar way, Xenopus Ca2+ puffs may be composed of
smaller events called ‘blips’ [44]. 
With the HeLa cells used in the present study, localized
subcellular Ca2+ signals were observed in the pacemaker
period before a regenerative Ca2+ wave was triggered (Figs
1–3), during the post-wave regenerative phase (Fig. 4),
and during the low-amplitude responses that fail to
become regenerative (0.25 mM histamine response in Fig.
5). It is unclear whether these subcellular Ca2+ signals are
the same as elementary signalling events detected in other
cell types. As the present study was performed using con-
ventional fluorescence video-imaging, rather than the
higher-resolution confocal imaging used to detect puffs
and sparks, the magnitudes of the local signals reported
here are probably underestimates of the actual [Ca2+]i
values near the sites of release, due to the averaging of
responsive and non-responsive cytoplasm. In addition, our
sample time (200 msec) means that the Ca2+ signals may
have diffused up to a few micrometers from their release
sites before detection. The subcellular Ca2+ signals
detected in the present study do resemble some of the
elementary events detected in other cells [21], however,
in both their spatial and kinetic properties, and may there-
fore provide some clues as to the mechanism of Ca2+ wave
generation in HeLa cells. 
Previous evidence for localized high-amplitude Ca2+
signals in HeLa cells has been presented based on the
ability of mitochondria to uptake Ca2+ during hormonal
stimulation. The mitochondrial set-point for Ca2+ uptake
is generally regarded as being too high for them to gain
Ca2+ from the bulk cytoplasm, where [Ca2+]i rarely reaches
> 500 nM. However, several studies have shown that
HeLa-cell mitochondria do indeed gain Ca2+ during cell
stimulation [45,46], implying that some of the mitochon-
dria must be close to the Ca2+ release sites that generate
locally high [Ca2+]i.
In HeLa cells, as has been noted for several other cell
types [36,47], Ca2+ waves were initiated consistently from
the same cellular region. Subcellular Ca2+ signals were fre-
quently observed in the region of Ca2+ wave initiation
(Figs 1b and 2c), suggesting that this area had the most
active signalling and perhaps provided the Ca2+ trigger
required to generate global waves. The factors that deter-
mine why one region of the cell serves as the initiation
point for each Ca2+ wave are presently unknown. We did
not identify any obvious differences between the regions
that initiated a Ca2+ wave and the remainder of the cell;
the resting [Ca2+]i in the initiation regions was not signifi-
cantly different from the remainder of the cell (Fig. 2d),
nor was the final histamine-stimulated [Ca2+]i signal any
higher in these regions (Fig. 3).
There was a progressive increase in the frequency of sub-
cellular signals during responses with long pacemaker
[Ca2+]i rises, such as the initial response to low histamine
concentrations or the Ca2+ spikes following the initial
response in cells stimulated with high histamine concen-
trations (Figs 2e and 3b). Such pacemakers have been
observed in many cell types, and seem to reflect a slow
[Ca2+]i elevation that ultimately reaches the threshold
required to evoke a Ca2+ wave [48]. However, it is unclear
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how the pacemaker Ca2+ is presented inside cells. In
HeLa cells, it seems that the pacemaker [Ca2+]i increase is
due to the progressive increase in activity of subcellular
signalling events, firstly at the wave initiation site, but
then more widespread (Fig. 2). These events seem to
slowly elevate the average global [Ca2+]i, exciting more
Ca2+ release units and ultimately triggering a wave. 
The abortive responses, such as that shown in Figure 5,
may be equivalent to the pacemaker activity on its own,
with insufficient cytosolic InsP3 levels to evoke a global
regenerative response. The transient Ca2+ signals seen in
small areas of the cell during an abortive response (Fig.
5d,e) are highly reminiscent of the progressive increase in
SMOC frequency preceding a regenerative response in
sympathetic neurons [41]. These signals are also similar to
the events leading to Ca2+ wave generation in Xenopus
oocytes, where increasing the cytoplasmic InsP3 concen-
tration progressively increased the frequency of Ca2+ puffs
until a Ca2+ wave was spawned [22]. 
Interestingly, responses with very long pacemaker [Ca2+]i
rises did not appear to have obvious Ca2+ waves. Stimula-
tion of the same HeLa cell with decreasing histamine
concentrations caused a gradual increase in the duration
of the pacemaker [Ca2+]i rise, and correspondingly the
initiation of a Ca2+ wave became less obvious (Fig. 3).
However, responses with long pacemaker [Ca2+]i rises
did not simply represent a linear rate of Ca2+ release
without regeneration. Rather, the extended pacemakers
did lead to a regenerative [Ca2+]i rise almost simultane-
ously throughout the cell (for example, the 0.5 mM hista-
mine response in Fig. 3b), whereas HeLa cells stimulated
with high histamine concentrations (> 2.5 mM) consis-
tently displayed obvious Ca2+ waves. A possible explana-
tion for the lack of Ca2+ waves with low levels of cell
stimulation, compared with the very obvious waves in
the same cell stimulated with a higher histamine concen-
tration, is that the progressive increase in subcellular
activity during a long pacemaker causes a global increase
in the excitability of InsP3Rs — when the threshold for
Ca2+ wave initiation is reached, the cell responds uni-
formly. In contrast, when a cell is stimulated with a high
histamine concentration, the lack of pacemaker activity
means that the InsP3Rs are virtually quiescent until the
Ca2+ wave encounters them, inducing a delay in the
spread of Ca2+ to the next release site and causing an
obvious wave. 
This scheme might also account for the striking difference
in the spatio-temporal profile between the initial Ca2+
response and the subsequent Ca2+ spikes in cells stimu-
lated with high histamine concentrations. The initial
response to > 2.5 mM histamine was always abrupt, with
little pacemaker activity, whereas the subsequent Ca2+
spikes were always preceded by a pacemaker [Ca2+]i rise
(for example, see Fig. 2). Correspondingly, the initial
response had an obvious Ca2+ wave; although Ca2+ waves
were associated with the subsequent spikes, they were
not as obvious as for the initial response. The spatial and
temporal profiles of these subsequent Ca2+ spikes were
similar to the initial responses evoked by lower
(1–2.5 mM) histamine concentrations (Fig. 3). 
Differences between the initial Ca2+ wave and subsequent
Ca2+ waves have been observed in other cell types. One of
the most striking examples occurs after fertilization of
mammalian eggs [49–51]. In these cells, fertilization trig-
gers a repetitive series of Ca2+ spikes and, for the first few
spikes, the waves initiate near the site of sperm attach-
ment. However, with the subsequent Ca2+ spikes, [Ca2+]i
appears to increase synchronously in the whole egg,
without obvious waves [49]. Interestingly, these latter
waveless spikes often display a slowly elevating pace-
maker [Ca2+]i rise before the regenerative part of the
response [51], similar to the situation with HeLa cells
described above. The reason for the change in spatial
characteristics of the Ca2+ responses induced by fertiliza-
tion in eggs is unknown; as suggested above, perhaps the
pacemaker activity associated with the latter spikes pro-
motes a global increase in the excitability of the InsP3Rs,
so that the cell responds uniformly. Such a scheme could
also explain why the thiol reagent, thimerosal, which
causes repetitive Ca2+ spiking in many cell types by sensi-
tizing InsP3Rs [52,53], does not trigger Ca2+ waves in eggs.
The response of mouse eggs to thimerosal is temporally
similar to the fertilization-induced signal, but the Ca2+
spikes triggered by thimerosal show a uniform [Ca2+]i
increase across the whole egg rather than Ca2+ waves [53].
A global sensitization of InsP3Rs by thimerosal could
mimic the effect of a long pacemaker [Ca2+]i rise, and
thereby serve to synchronize all the Ca2+ release units.
The observation of subcellular responses may also help to
explain the mechanism underlying graded Ca2+ signals in
HeLa cells. Graded or ‘quantal’ release of Ca2+ from intra-
cellular stores seems to be a feature of many cells [29], and
cells expressing either InsP3Rs or RyRs can display such
graded responses [26]. In cardiac myocytes, it has been
demonstrated that the progressive recruitment of Ca2+
sparks in a depolarization-dependent manner underlies
graded Ca2+ release from RyRs [24]. Similarly, for Xenopus
oocytes the differential recruitment of Ca2+ puff sites may
lead to graded responses [27]. If the localized Ca2+ signals
detected in the present study are analogous to subcellular
events in other cells, then a similar scheme involving the
differential recruitment of the intracellular stores may
underlie graded responses in intact HeLa cells.
Conclusions
The data presented here suggest that the intracellular Ca2+
pool in HeLa cells is composed of functionally discrete
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units, which give rise to highly localized [Ca2+]i signals
upon activation. These units are spread throughout the
cell, and can either operate independently or be coupled
by the diffusion of Ca2+ from one release site to another to
generate a Ca2+ wave, depending on the stimulus regime.
The physical nature of the proposed discrete Ca2+ release
sites is unclear. The InsP3-sensitive Ca2+ pool is most
likely to reside in the endoplasmic reticulum, which is
commonly observed to be a continuous structure [25]. Dis-
crete Ca2+ release events may be due to clustering of Ca2+
release channels, therefore, with little luminal communica-
tion between the clusters. 
Constructing the intracellular Ca2+ pool as a series of func-
tionally discrete units provides cells with considerable
flexibility in the nature of the signal evoked during stimu-
lation. For example, summation of the release units results
in global Ca2+ signals, whereas the localization of these
units in different cellular regions gives rise to spatially
restricted Ca2+ signals. Furthermore, the progressive
recruitment of the elementary units allows cells to
smoothly grade the magnitude of their intracellular signals
in a stimulus-dependent manner.
Materials and methods
Cell culture
HeLa cells were grown in minimal essential medium supplemented with
5 % mixed serum (50 % new-born calf, 50 % fetal calf), 2 mM glutamine,
60 U ml–1 penicillin and 50 mg ml–1 streptomycin, in a humidified atmos-
phere (5 % CO2, 95 % air). For imaging, HeLa cells were transferred
from plastic culture dishes to glass coverslips (22 mm diameter, Chance
Propper Ltd, UK), and allowed to grow for a further 48 h before use.
Single cell imaging
The culture medium was replaced with an extracellular medium (EM)
(containing 121 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2,
6 mM NaHCO3, 5.5 mM glucose and 25 mM Hepes; pH 7.3). Cells were
loaded with Fura2 by incubation with 1mM Fura2 acetoxymethyl ester
(Molecular Probes Inc.) for 30 min at room temperature (20 °C), followed
by an EM wash and a further 30 min incubation to allow de-esterification
of the loaded dye. A single glass coverslip was mounted on the stage of
a Nikon Diaphot inverted epifluorescence microscope, and the cells were
visualized using a glycerol-immersion ×40 objective. At this magnification,
the image resolution is 0.38 mm per pixel. Fluorescent images were
obtained by alternate excitation at 340 and 380 nm (40 msec at each
wavelength) using twin xenon arc lamps (Spex Industries Inc.). The emis-
sion signal at 510 nm was collected using an intensified charge-coupled
device video camera (Extended ISIS, Photonic Science). The video signal
from the camera was digitized and stored in an Imagine image-process-
ing unit (Synoptics Ltd, Cambridge, UK). The excitation wavelength was
switched by a rotating mirror (Glen Spectra Instruments, Stanmore, UK),
synchronized with the video time-base to give alternate TV frames at
each of the two wavelengths. The Imagine video-rate array processor
was programmed to form a ‘live’ ratio image, from each successive pair
of frames. The ratio image was filtered with a 200 msec time constant,
and stored on videotape for subsequent processing.
The intracellular Ca2+ concentration was calculated using the formula
of Grynkiewicz et al. [54]. Minimal and maximal fluorescence ratios
were determined empirically under standard operating conditions using
bulk solutions of 100 mM KCl, 10 mM EGTA, 10 mM MOPS (pH 7.2),
with 20 mM Fura2 (pentapotassium salt, Molecular Probes) added. The
[Ca2+]free was adjusted by adding CaCl2.
Recorded data were played back through a frame-grabber and high-
speed image processor (Sprynt, Synoptics Ltd) to provide a false-colour
rendering of image intensity. The Sprynt card was programmed using the
Semper language (Synoptics Ltd.) to capture images at regular intervals,
and either to store selected regions of each image, or to scan identified
regions corresponding to cells or parts of cells, calculating [Ca2+]i as a
function of time. For studying Ca2+ wave propagation, 2-dimensional (x–t)
plots of distance and time were obtained by extracting a rectangular
region across the diameter of the cell and 6 pixels (2.3mm) wide, at
200 msec intervals. The rectangular region was averaged into a single
line, and successive lines were stacked vertically or horizontally. In the x–t
plots shown, time increases either in the upward or rightward direction.
The intensifier used in the video camera shows a slight persistence due
to the time constant of the photocathode. Because of this, there was a
slight carry-over (∼ 6 %) between consecutive video frames, which is
seen mainly in the odd-field portion of the 2:1 interlace. The ratio
imaging software was adjusted to minimize the effect of this on the
mean [Ca2+]i, but in individual images it caused some horizontal
‘banding’ between odd- and even-numbered lines. To remove the
banding, all images were corrected by performing a local mean over
pairs of adjacent rows. 
The major aim of this study was to identify subcellular Ca2+ signals in
single HeLa cells. The majority of subcellular signals detected had a
low amplitude, usually representing a [Ca2+]i change of less than
50 nM. The low amplitude of the subcellular Ca2+ signals detected
may reflect averaging of the subcellular signals with non-responsive
cytoplasm due to the thickness of the cells. The subcellular signals
are clearly distinguished from pixel noise, because their amplitude,
duration and pixel area are greater than the normal variation seen in
unstimulated cells. Furthermore, for all the spatial representations
represented in this study, the raw images were smoothed by perform-
ing a local mean over pairs of vertically adjacent pixels, to remove the
banding as described above. In addition, for the x–t plots further
smoothing was introduced by extracting rectangular regions 6 pixels
(2.3 mm) wide. These smoothing operations greatly reduced the
affect of ‘noisy’ pixels.
We would like to stress that the Ca2+ signals visualized in the present
study are entirely due to cytoplasmic Ca2+ changes, and are not compli-
cated by sequestration of the Fura2 into intracellular organelles. Although
we loaded HeLa cells with Fura2 using the acetoxymethyl ester
(Fura2/AM), in our hands virtually none of the dye becomes sequestered
in intracellular organelles. Gentle permeabilization of Fura2-loaded HeLa
cells with saponin releases > 99 % of the detectable fluorescence (data
not shown). In addition, the Fura2 loaded into HeLa cells can be com-
pletely quenched by Mn2+ influx stimulated using thapsigargin, suggest-
ing that intracellular Ca2+ channels do not have to open in order for Mn2+
to gain access to the intracellular Fura2 (data not shown). Furthermore, in
control experiments where the Fura2/AM concentration or time of incu-
bation with the ester was increased, the amount of dye loaded into the
cell was found to increase. However, the intracellular organelles still did
not display any detectable Fura2 fluorescence, suggesting that they are
rather resistant to Fura2 sequestration (data not shown).
Please note that the data presented in the Figures 1–5 were obtained
from separate cells, and are typical of the responses of many cells
analysed in several independent experiments.
Materials
Histamine chloride was from Sigma, Fura2 acetoxymethyl ester was
from Molecular Probes (Eugene, Oregon) and cell-culture materials
were from GIBCO.
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